One contribution of 16 to a discussion meeting issue 'Release of chemical transmitters from cell bodies and dendrites of nerve cells'. Two major types of intercellular communication are found in the central nervous system (CNS), namely wiring transmission (point-to-point communication, the prototype being synaptic transmission with axons and terminals) and volume transmission (VT; communication in the extracellular fluid and in the cerebrospinal fluid (CSF)) involving large numbers of cells in the CNS. Volume and synaptic transmission become integrated inter alia through the ability of their chemical signals to activate different types of receptor protomers in heteroreceptor complexes located synaptically or extrasynaptically in the plasma membrane. The demonstration of extracellular dopamine (DA) and serotonin (5-HT) fluorescence around the DA and 5-HT nerve cell bodies with the Falck-Hillarp formaldehyde fluorescence method after treatment with amphetamine and chlorimipramine, respectively, gave the first indications of the existence of VT in the brain, at least at the soma level. There exist different forms of VT. Early studies on VT only involved spread including diffusion and flow of soluble biological signals, especially transmitters and modulators, a communication called extrasynaptic (short distance) and long distance (paraaxonal and paravascular and CSF pathways) VT. Also, the extracellular vesicle type of VT was demonstrated. The exosomes (endosome-derived vesicles) appear to be the major vesicular carriers for VT but the larger microvesicles also participate. Both mainly originate at the soma-dendritic level. They can transfer lipids and proteins, including receptors, Rab GTPases, tetraspanins, cholesterol, sphingolipids and ceramide. Within them there are also subsets of mRNAs and non-coding regulatory microRNAs. At the soma-dendritic membrane, sets of dynamic postsynaptic heteroreceptor complexes (built up of different types of physically interacting receptors and proteins) involving inter alia G protein-coupled receptors including autoreceptors, ion channel receptors and receptor tyrosine kinases are hypothesized to be the molecular basis for learning and memory. At nerve terminals, the presynaptic heteroreceptor complexes are postulated to undergo plastic changes to maintain the pattern of multiple transmitter release reflecting the firing pattern to be learned by the heteroreceptor complexes in the postsynaptic membrane.
Introduction
In 1963-1965, the discovery of the brain-stem dopamine (DA), noradrenaline (NA) and serotonin (5-HT) neurons with long ascending and descending projections forming widespread monoamine terminal networks in the central nervous system (CNS) [1 -4] and their responses to drugs [5, 6] led to the introduction of the theory of volume transmission (VT) in 1986 [7, 8] . In the presence of amphetamine, a strong diffuse extracellular greenish DA fluorescence was seen among the DA nerve cell bodies of the substantia nigra pars compacta and the ventral tegmental area, respectively [6] . In the nucleus, raphe dorsalis treatment with the 5-HT reuptake blocker cloimipramine led to the appearance of a strong diffuse yellowish extracellular 5-HT fluorescence in the area of the 5-HT nerve cell bodies [6, 9] . The findings in the 5-HT dorsal raphe neurons were validated and beautifully extended by de-Miguel and colleagues in studies on the soma of Retzius neurons, where synaptic and extrasynaptic secretion of 5-HT were demonstrated [10, 11] . Extrasynaptic exocytosis from small clear or large granular vesicles appeared to be in dominance (see also [11] ). The large granular vesicles probably also released other types of signalling molecules like peptides and proteins.
The essence of VT is as follows: a widespread major intercellular communication that occurs in the extracellular fluid (ECF) and in the cerebrospinal fluid (CSF) of the CNS. VT signals move from source to target cells via energy gradients, mostly thermodynamic (temperature, pressure and concentration gradients), leading to diffusion and flow. The major difference with synaptic transmission is in the transmission channels, which are private in synaptic transmission (axons, terminals) but diffuse in VT represented by the channels of the extracellular space. Of course, the speed is also markedly different occurring within milliseconds for synaptic transmission and seconds-minutes-hours in VT [12] [13] [14] [15] [16] [17] [18] .
In this review, we will characterize the heterogeneities of VT including the contribution of soluble VT signals and VT signals carried by extracellular vesicles (ECVs) [19] , building on the pioneering work of Simons & Raposo [20] . Furthermore, the impact of VT in the trophic units of the grey matter built up of neurons, glial cells (astroglia, microglia), blood vessels with endothelial cells and pericytes, and extracellular matrix of the CNS [21, 22] will be discussed. This term was used to indicate the smallest set of cells within the CNS which act in a complementary way to support the trophism of one another. Their VT signalling together with long distance and CSF VT signalling play a major role in modulating the synaptic transmission in the neural network formed by the neural component of the trophic units.
Finally, the theory is introduced that the synaptic and VT signals become integrated in sets of heteroreceptor complexes in the presynaptic and postsynaptic membranes and their signalling cascades [23] . The relevance of this transmission for learning and short-and long-term memory will be discussed [24] . A few examples will be given on how certain 5-HT1A and Nmethyl-D-aspartate (NMDA) heteroreceptor complexes can play a role in depression and schizophrenia, respectively, and be targets for novel antidepressant and atypical antipsychotic drugs [25] [26] [27] .
Comparison between soluble and extracellular vesicle-mediated volume transmission signals at the nerve terminal and soma level (a) Nerve terminal level (i) Soluble volume transmission signals
In the period following the discovery of VT only molecules dissolved in the ECF and in the CSF, like transmitters and modulators, e.g. gamma-aminobutyric acid (GABA), glutamate, monoamines, acetylcholine, adenosine, neuropeptides and proteins, including trophic factors, were discussed. GABA and glutamate terminals contributed to transmitter spillover originating from synaptic vesicles [28] . This process was regulated mainly by coverage of the synapse by astroglia processes containing, for example, astroglial glutamate transporters restricting extrasynaptic glutamate VT, as illustrated by increased glutamate VT after reduced astrocytic coverage of supraoptic neurons in lactation [29 -31] . Thus, increased short distance (micro range) extrasynaptic VT of the classical synaptic transmitters glutamate and GABA develop with reductions in the astroglial barrier. The targets were both glial and neuronal cells with receptors and transporters for glutamate and GABA [16] [17] [18] 28] . Recently, surface diffusion of astrocytic glutamate transporters were found to shape the kinetics of excitatory postsynaptic currents and thus synaptic transmission [32] . VT mediated by monoamines seems to depend on extrasynaptic release and transmitter spread to extrasynaptic receptors [11, 14, 15, 18, 33] since inter alia a large proportion of monoamine terminals lack postjunctional complexes [34, 35] . Rice & Cragg [36] have modelled DA extrasynaptic transmission from terminals based on DA spillover after quantal release, considering a large number of experimental data from their own and other groups. In the updated DA synapse, if present since many DA terminals are asynaptic, the DA release is unconstrained by the extrasynapic DA transporter (DAT), the diffusion process being too fast for the DAT. The DA uptake mechanism increases clearance of DA and thus reduces the half-life of its extracellular effects. A gradient of DA is formed and DA can reach the DA receptors which are found extrasynaptically. There are relatively few synaptic DA receptors. Thus, the primary mode of DA communication is VT. The effective radius for high-affinity DA receptors based on diffusion of DA is calculated to be 7-8 mm.
The major mode of communication for neuropeptides is also VT. However, peptide nerve terminals also use long distance VT since neuropeptides often are not metabolized as rapidly as monoamines and can form active fragments that may reach distant neuron-glia networks. When monoamines and peptides are co-stored in terminals, the monoamine neurons communicate via neuropeptides with distant networks by long distance VT involving perivascular ECF channels reaching into the CSF and paraaxonal ECF channels along myelinated fibre bundles as discovered in studies of the diffusion of Texas-red dextran when microinjected into the striatum [37] [38] [39] [40] . Striatally microinjected beta-endorphin reaches the CSF as an intact peptide [41] . The beta-endorphin immunoreactivity appears with a typical delay in the CSF taking place via perivascular channels and after extracellular diffusion over the leaky ependymal-CSF barrier along the ventriclesexosome (40 -100 nm), which is released from all cell types of the CNS including endothelial cells into the ECF. Exosomes transfer their cargo of multiple molecules (mtDNA, mRNA, miRNA, proteins including receptors, lipids), some of which can exist in a single exosome, to other neuronal and glial cells. The cargo varies from one cell type to another and depends on the functional state of the cell (see also [43] ). The exosomes can move via different patterns of cell adhesion molecules and phosphatidylserine to target other neuron -glia networks. The exosomes can be internalized and then release their cargo inside target cells to transiently modify the neurochemical phenotype of the target cell [19] . The exosomes mainly originate from endosomes and are produced when multivesicular bodies are formed. They are released into the ECF when the multivesicular bodies merge with the plasma membrane. The shedding vesicles are another type of ECVs, formed from the plasma membrane through shedding, and of unknown composition. The major form is the so-called microvesicle with a diameter of 100 -1000 nm and an origin in most cell types of the CNS.
However, in both synaptic and asynaptic terminals the by far most dominant vesicle is the synaptic vesicle, releasing their transmitters through exocytosis, which in the case of synapses takes place through fusion with the presynaptic membrane. Clear or large granular vesicles may instead undergo exocytosis in the extrasynaptic membrane. Here the ECVs play only a minor role. However, at the soma level they play a significant role in all cell types (see below).
(b) Soma level (i) Soluble volume transmission signals
The elegant and highly significant work of De-Miguel and colleagues [10, 11, 18, 44] has demonstrated extrasynaptic exocytosis in neuronal soma as a relevant source of 5-HT VT. This leads to activation of 5-HT autoreceptors and is dependent on high-frequency activation, opening of L-type calcium channels and of movement of vesicles to the plasma membrane. In 5-HT immunoreactive neurons, exocytosis is sustained by a feedback loop dependent on 5-HT receptor activation causing an increase in intracellular calcium levels. The available evidence also supports the existence of synaptic exocytosis.
(ii) Extracellular vesicle-mediated volume transmission signals Studies on cultured cortical nerve cells demonstrate that extracellular membrane vesicles (EMVs) can be released from nerve cells [45] , and exosomes were proposed to be a new way of interneuronal communication [19, [46] [47] [48] . In EMV fractions from the above cultures, GluR2 subunits of the AMPA receptors were found together inter alia with cell adhesion molecule L1 (LICAM). Therefore, it seems possible that AMPA receptor subunits are transferred to other neurons to modulate AMPA receptor-mediated glutamate signalling of acceptor nerve cells. Evidence for intercellular G protein-coupled receptor (GPCR) transfer at the protein and mRNA level has been demonstrated in HEK-293 cell cultures involving adenosine A2A and DA D2 receptors [46] . The ECV-mediated GPCR transfer resulted in the incorporation of functional receptors which also could produce and undergo A2A-D2 receptor heteromerization, as shown with photo-bleaching fluorescence resonance energy transfer.
Thus, EMV receptor-mediated transfer among nerve cells may take place in the CNS probably involving mainly release of EMVs from soma, which have a significant capacity to release exosomes in view of their origin in endosomes -multivesicular bodies. The EMV release appears to represent a complimentary mechanism to synaptic and extrasynaptic exocytosis of transmitters at the soma level in view of their contents of proteins, including receptors, lipids, mRNA, miRNA and mtDNA. Their specificity, however, remains to be determined. The ECV-mediated VT increases neuronal plasticity but could also lead to dysfunction as a result of receptor transfer. This can produce pathological heteroreceptor complexes in the neurons, contributing to development of mental disease [23] .
All the glial cells can also communicate via EMV release. Microglial cells are here of special interest in view of their role in neuroinflammation [49, 50] which can elicit inter alia schizophrenia [51] [52] [53] . The transfer compounds are inter alia interleukin-1beta, caspase1 and P2X7 receptors (ionotropic purinoceptors for ATP). P2X7 stimulation induces release of interleukin-1beta from the ECVs into the ECF and spread of neuroinflammation in the CNS [54] . The microglial EMVs under inflammatory conditions also contain different sets of chemokine and cytokine receptor populations [55] which may be transferred to neurons and lead to malfunction of neurons due to their participation in, for example, NMDA heteroreceptor complexes [23] . The relative role of diffusion and flow of soluble peptides and proteins versus their transport in EMVs in VT remain to be determined.
3. Integration of synaptic and volume transmission in the trophic units, the building blocks of the central nervous system
The term trophic unit was used to indicate the smallest set of cells within the CNS that act in a complementary way to support the trophism of one another [21, 33] . The CNS trophic unit consists of neurons, glial cells (mainly astroglia, microglia), blood vessels with endothelial cells and extracellular matrix. The theory of trophic units in the CNS is here extended to include the neuro-vascular unit (bloodbrain barrier). This unit consists of endothelial cells, pericytes and astrocytic perivascular end feet which form the bloodbrain barrier. The trophic unit is where the integration of the various forms of VT and wiring transmission (synapses and gap junctions) takes place mediating neuron-glia interactions. Both soluble VT signals and ECV-mediated VT signals participate. We propose that the trophic units are the building blocks of the CNS forming its neural-glial networks. The trophic units support their neuronal network component and significantly modulate its firing patterns and function (figure 1).
Immune cells also exist in the trophic units and use VT, including CSF VT, as demonstrated in the exciting work of Schwartz & Baruch [56, 57] on inflammation-resolving leucocyte trafficking over the epithelial cells of the choroid plexus (CP) into the CSF. The trophic units are a major site in neuroinflammation. Activated microglia show phagocytic activity and release pro-inflammatory cytokine and chemokine soluble VT signals in the trophic units. They also rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140183 produce ECVs which travel and flow in the ECF and may inter alia contain sets of chemokine and cytokine ligands as well as sets of chemokine and cytokine receptors which internalize into recipient microglia and nerve cells. This can lead to dysfunction of the affected neuronal networks of these trophic unit assemblies.
From these trophic units with inflammation, VT signals including ECVs can reach the CP via diffusion and flow through inter alia perivascular channels and CSF, and activate inter alia cytokine receptors on the CP epithelium. These epithelial cells have tight junctions (e.g. claudin-1,-2 and -5) regulated by protein kinase C [58] . Interleukin-1beta can also reach CSF through diffusion and flow over the leaky ventricular ependymal cells possessing only adherens junctions [42, 59] .
The activation of cytokine receptors on CP epithelial cells will initiate a trafficking cascade for T cells and monocytes into the CSF, where they become biased towards the antiinflammation-suppressor phenotype [56, 57] . They arrive at the inflamed trophic units of the brain via the VirchowRobin spaces and the perivascular channels. The immune cells within the trophic units will exert their anti-inflammatory actions on the other cells of the trophic units via soluble or ECV-VT signals.
(a) The trophic units and the brain circuits
Changes in the modulation by VT of synaptic transmission in the assemblies of trophic units have a fundamental role in the control of brain circuits (figure 1). Thus, the neuronal network, built up of assemblies of trophic units which connect with each other, can produce different outputs dependent on the VT modulation of the synaptic transmission and of the intrinsic firing properties of neurons, which may transit from silent to tonic or bursting firing. As shown in figure 1, VT signals give rise to three types of outputs. This takes place through changes in the integrative interactions of the VT and synaptic signalling of the neuronal network.
(b) On the renewal and clearance of volume transmission signals of the trophic units
The clearance of VT signals in the extracellular space of the CNS was suggested to take place over the bloodbrain barrier and the brain-CSF leaky barrier of the ependymal layer, as well as via catabolic enzymes of the extracellular matrix and transporter systems of the neuronal and glial cells [42] . New mechanisms for clearance of VT signals have been proposed. As mentioned, the brain uses pressure waves (oscillations in the CSF induced by the arterial pulse) [40] , temperature gradients (rapid macro-gradients in the order of 1 -38C due e.g. to changes in cerebral blood flow and micro-gradients due to activation of brain uncoupling proteins) [60] [61] [62] and concentration gradients for diffusion and flow of signalling molecules. These clearance systems also allow renewal of the extracellular fluid, and thus the homeostasis of the brain internal milieu, while at the same making possible the renewal of VT signals at an energy cost much lower than classical synaptic transmission [40] . Nevertheless, other components of extrasynaptic VT have a high energy cost, since release from the soma and maybe dendrites occurs by active transport that uses ATP. Therefore, this may compensate for the low energy expenses of transmitter clearance in VT. In 2005, the 'tide hypothesis' of CSF VT-signal migration and clearance was introduced [40] . The arterial pulse and the 'piston-like' movement of the brain induced by the pulse cause cyclic pressure oscillations within the subarachnoidal space (SAS). The cyclic pressure oscillations within the SAS induce 'tide' movements of the CSF into the Virchow-Robin spaces, hence in the pericapillary spaces and, eventually, in the ECF channels of the trophic units. These fluid push -pull movements contribute to the long distance VT flow of signalling molecules along perivascular and paraaxonal channels [37, 63] . In addition, it helps the maintenance of the internal milieu of the brain by increasing the flow of nutrients to and clearance of catabolites from the trophic units. Thus, these fluid push -pull movements induced by the arterial pulse favour both the migration of signalling molecules of VT and the extracellular fluid renewal, especially in the cerebral cortex [40] . In 2012 came the pioneering work of Nedergaard and colleagues with the discovery of the glymphatic system of the brain [64, 65] . In this brain-wide pathway, CSF enters the brain along para-arterial routes, whereas ECF is cleared from the brain along paravenous routes. The astroglia possess aquaporin 4 channels especially in their perivascular end feet but also in other branches. This permits increased water flow from the pericapillary space by passing inside the astrocytes to reach the ECF of the trophic unit. This allows an efficient CSF influx from arterial paravascular CSF channels into the ECF, followed by an efficient efflux from the ECF into paravascular channels around the veins into the CSF. An increased understanding of the homeostasis of the internal milieu of the brain developed with the demonstration that astrocytes support water transport. Previously, through similar principles, astrocytes were shown to remove potassium ions from the ECF by having large numbers of potassium ion channels in the plasma membrane. The potassium ions passed into the astrocytic cytoplasm and via gap junctions into other astrocytes preventing the accumulation of extracellular potassium ions leading to depolarization and failure of neurons to propagate action potentials [66] [67] [68] .
These efficient routes can also contribute to the renewal and clearance of the VT signals in the ECF of the trophic units together with the push -pull movements along the perivascular-pericapillary channels. It should be noted that pericytes on capillaries contribute to regulation of blood flow [69] and likely also flow along pericapillary channels. Interestingly, contractile signals can propagate from one pericyte to another, possibly spreading back to upstream arterioles and their perivascular channels [70] .
Furthermore, a large increase in exchange of CSF with ECF was observed during sleep through an increase in ECF volume. This led to substantial increases in convective exchange and clearance of ECF [71] . Thus, sleep drives metabolite clearance. These observations may also suggest an increased clearance of VT signalling molecules from the ECF during sleep. The functional relevance of this phenomenon is not clear. One interpretation may be that signalling molecules of VT are fundamental for information handling in the awake state, and therefore an increased clearance of these molecules and their breakdown products mainly occurs in sleep. The receptor heteromer field started with the discovery of neuropeptide -monoamine receptor-receptor interactions in 1980-1981 as a way to understand integration of peptide and monoamine signals [72] . The concept of direct receptor -receptor interactions in receptor heteromers was born expanding the receptor field from indirect receptor crosstalk to direct interactions in receptor heterodimers and higher order receptor heteromers [15, 73] . The term receptor heteromer covers both heterodimer and higher order heteromer. The term heteroreceptor complex is usually used when studying tissue, e.g. CNS, since the stoichiometry is unknown and adaptor proteins and other types of proteins (e.g. ion channels, transporters) are known to participate through direct interactions with the receptors [24, 25, 27, [74] [75] [76] .
The allosteric receptor-receptor interaction increases the repertoire of GPCR recognition (affinity, density), pharmacology, trafficking and signalling of the protomers [17,24,74,77 -79] . Jeffery in 1999 [80, 81] introduced moonlighting proteins as a class of multifunctional proteins in which a single polypeptide chain performs multiple functions not linked to splicing, posttranslational modifications, etc. Over 300 such proteins have been identified, including enzymes and receptors. Some moonlighting proteins change their function in response to a changing environment, while others can perform two functions at the same time.
This concept was introduced into the GPCR heteromer field to explain the marked increase in GPCR plasticity observed [82] . Thus, GPCR protomers can moonlight through the allosteric receptor-receptor interactions [83, 84] through changes in recognition, G protein selectivity and signalling cascades with, among other things, switching from activating G proteins to beta-arrestin or calmodulin through conformational changes in single or several strands of amino acids of intracellular loops and the C-terminal tail [85, 86] . It is hypothesized that GPCR protomer function may also change by becoming linked to receptor tyrosine kinase (RTK) signalling in GPCR-RTK heteroreceptor complexes and involved in trophic functions [22, 27, [87] [88] [89] [90] [91] , and through formation of GPCR-ion channel heteroreceptor complexes like NMDA-D1 and D2-NR2B complexes, a field pioneered by Fang Liu and colleagues [92] [93] [94] . GPCRs may become capable of modulating neuronal excitability and firing patterns in a novel way through changes in NMDA receptor function [92, [95] [96] [97] .
The structure of the receptor interface (the border-zone between the two protomers) in heteromers is fundamental to understand the formation of heteromers and is a target for drug development. The receptor interface between two GPCRs can involve a-helix -helix interactions between transmembrane domains (e.g. [98] ), and intracellular electrostatic interactions between intracellular loop 3 (IC3) of one protomer and the C-terminal tail of the other play a major role [99, 100] . Often, positively charged arginins in the IC3 segment of one protomer interact with negatively charged residues in the C-terminal tail of the other, especially phosphorylated serine and glutamate residues.
Based on a mathematical approach, Tarakanov & Fuxe [101] have deduced, based on 48 pairs of receptors that do or do not form heterodimers, a set of triplet amino acid homologies that may be critically involved in receptor-receptor interactions and in forming the receptor heterodimer. We call it the triplet puzzle. Such amino acid triplet homologies may construct a code that helps determine which receptors form heterodimers. Triplet homologies may act as necessary guides for the heteromerization of the two receptors.
The origin of the triplet puzzle of homologies in receptor heteromers is phylogenetically old in view of the existence of integrin triplets in marine sponges and in human brain receptor heteromers [102] . Toll-like receptor triplets and immunoglobulin triplets belonging to phylogenetically old recognition systems are also found in different types of human receptor heteromers [103, 104] .
(b) The integration of synaptic and volume transmission signals
Such an integration can involve receptor-receptor interactions in heteroreceptor complexes in the pre-and postsynaptic membranes of neurons and in their signalling cascades, but also, extrasynaptic homoreceptor and heteroreceptor complexes may change the responsiveness of neurons without changing the synaptic responses [84] . The VT signals can produce allosteric receptor-receptor interactions in GPCR-NMDAR, GPCR-GABAAR and putative GPCR-kainate receptor (KAR) heteroreceptor complexes, which in many cases can be located extrasynaptically in dendrites and soma regions. Again the corresponding extrasynaptic and synaptic homoreceptor complexes participate and are in balance with the signalling of the heteroreceptor complexes. This can modulate the electrical activity of neurons in the circuit and also the strength of the synaptic transmission mediated by glutamate and GABAA receptor protomers in such complexes [92, 93, 95, 105] . These allosteric receptor-receptor interactions generate a tremendous diversity and bias [84,106 -109] . Biased signalling also gives selectivity. In our view, this novel principle in biology [24] supports the Neural Darwinism theory of Gerald M. Edelman, which builds on diversity and selection. The demand for diversity is in part provided by the dynamic formation of heteroreceptor complexes, each with multiple functions, through the allosteric receptor -receptor interactions. Thus, a novel diversity is provided for synaptic modifications in the brain circuits. The selection is provided by choosing out of all these signalling responses the optimal ones from multiple heteroreceptor complexes in the single neuron to enhance synaptic efficacy in the selected network.
(c) The fibroblast growth factor 1(FGFR1)-5-HT1A
heteroreceptor complex in the raphe-hippocampal system as a novel target for treatment of depression
In 1967, 5-HT uptake was shown to occur in the cell bodies, axons and terminals of 5-HT neurons [110] , and then together with Arvid Carlsson we studied the actions of classic antidepressant drugs on this 5-HT reuptake mechanism. This led to observations that the antidepressant drug imipramine can block 5-HT uptake that later led to the introduction of rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140183 the concept of using serotonin selective reuptake inhibitors (SSRIs) in the treatment of depression [111] . Much later on, the 5-HT isoreceptor disbalance hypothesis of depression was introduced [112] based inter alia on our observations in 1977, for example that amitryptilin blocks head twitches correlating with its ability to displace d-LSD from its binding sites. However, amitryptilin did not displace 5-HT from its binding sites. The reviewers did not allow the suggestion that these findings may indicate the existence of two types of 5-HT receptors [113] .
This suggested that depression may be produced by a disbalance in the activity of 5-HT receptor subtypes some of which contribute to the development of depression, like 5-HT2A and 5-HT7, while others, like 5-HT1A and 5-HT4, contribute to antidepressant actions [112] .
During recent years, a number of 5-HT1A heteroreceptor complexes have been identified [27, 88, 90, 114] , the first one discovered being the galanin receptor1(GalR1)-5-HT1A heteromer. They are hypothesized to represent novel targets for antidepressant drugs; previously, only 5-HT1A had been considered as a target. For other new strategy developments based on targets other than monoamine transporters for treatment of depression, see Hamon & Blier [115] .
The most interesting heteroreceptor complex as a novel target for treatment of depression is the FGFR1-5-HT1A [27, 90] . The potential receptor interface of the human heterodimer has been analyzed through bioinformatics (table 1 and figure 2). A protriplet TLG (Thr-Leu-Gly) amino acid homology was discovered in the intracellular domains of the two receptors which can participate in the mediation of the interaction. This homology was also found in the intracellular domains of an indicated FGFR1-5-HT1B heterodimer (table 1 and figure 2) [27] but was absent in two non-heteromers (FGFR1-5-HT2A, FGFR1-5-HT2C; table 1) . The TLG homology was also present in a FGFR1-5-HT7 pair near the border between intracellular domain and TM6 (see ic3jTM6 in figure 2). Note that 5-HT1A and 5-HT1B also possess TLGs in extracellular domains (figure 2).
Postjunctional FGFR1-5-HT1A heteroreceptor complexes in the hippocampus are mainly located in the pyramidal nerve cell layer of CA1-CA3 regions [27] . These complexes may exist both synaptically and extrasynaptically but the dominant form of 5-HT communication is VT [120] . Synergistic allosteric receptor-receptor interactions in this complex are seen upon coactivation with FGF2 and 5-HT1A agonists which increases hippocampal plasticity. This produces rapid and robust antidepressant actions in the rat [27] . It seems possible that the hippocampal atrophy found in major depression may be counteracted through coactivation of the hippocampal FGFR1-5-HT1A heteroreceptor complexes [27] .
Furthermore, FGFR1-5-HT1A autoreceptor-heteroreceptor complexes exist in soma and dendrites of large numbers of midbrain 5-HT raphe cells [90] . In the view of the low to modest density of 5-HT terminals present in the midbrain raphe nuclei [121] , the majority of these complexes are extrasynaptic and are reached by 5-HT through extrasynaptic exocytosis of 5-HT from the 5-HT cell bodies [11] .
Synergistic allosteric receptor-receptor interactions were also observed upon coagonist activation of the above autoreceptor complex leading to increased 5-HT-induced nerve cell plasticity. Such events may contribute to acute antidepressant actions by recruiting 5-HT1A autoreceptors into complexes with FGFR1. It has previously been indicated that some heteroreceptor complexes can be formed in the plasma membrane instead of the endoplasmic reticulum [82, 88] . This may reduce the 5-HT1A inhibitory autoreceptor function through its uncoupling from G protein-coupled inwardly rectifying potassium channels [122] . Instead, increased trophism can develop in midbrain raphe 5-HT neurons. Counteraction of atrophy in large numbers of ascending 5-HT neurons from the midbrain raphe can be a major event for long-term antidepressant actions.
The effects of SSRIs on these heteroreceptor complexes are being studied in animal models of depression. We suggest that D2 autoreceptor-FGFR1 and alpha2 adrenoreceptor autoreceptor-FGFR1 heteroreceptor complexes in DA and NA neurons, for example, may be targets for additional antidepressant effects.
(d) Formation of pathological NMDA and GABA heteroreceptor complexes in mild neuroinflammation as a mechanism for schizophrenia development
Current views on schizophrenia indicate the involvement of D2, 5-HT2A, NMDA and GABA A and B receptor subtypes [123] . In the view of the mild encephalitis hypothesis of schizophrenia [52, 124] , it may be postulated that changes in these receptor systems may develop in mild neuroinflammation. The mild encephalitis hypothesis describes a subgroup of schizophrenias with neuroinflammation as the core pathology. The pioneering work of Kettenmann et al. [55] demonstrates dynamic changes in microglia in neuroinflammation 
The bioinformatics analysis also indicates the existence of a couple of novel heteromers based on the TLG homology, the 5-HT1A-CXCR6 and 5-HT7-FGFR1 heteromers. Symbol '#' denotes present in both receptors and may contribute to their direct interaction and '2' no homologies found. The microglia have many types of receptors contributing to many different phenotypes. They communicate with neurons and astroglia via VT through soluble signals or ECVs like exosomes and shedding vesicles, which may contain receptors for transfer to other cells in the trophic units. Through increased release of cytokines and chemokines from microglia but also astroglia operating via VT (soluble or ECVs) they may also induce the expression of receptors for multiple chemokines and cytokines in neurons [49, 55, 56] . Complex and intense neuron-microglia and microglia-astroglia interactions thus develop in neuroinflammation through VT in the trophic units. In the pathological state, bidirectional signalling between neuron-microglia and astroglia-microglia involve cytokines and chemokines and their receptors [55] . Glial and immune cell-derived ECVs like exosomes are released, which may contain chemokine and/or cytokine receptors and/or their mRNAs (ECV-mediated VT; figure 3) [23] . The ECVs may be internalized into neurons via cell adhesion receptors. Protriplet amino acid homologies ITL, SVS, VST, GLL, LYS and YSG are observed in CXCR4, CCR2 and IL1-R2 on one hand and in NMDA and/or GABAA and/or GABAB1 and B2 receptors on the other hand [23] . Therefore, according to the triplet puzzle theory [101] , these chemokine and cytokine receptors may form heteroreceptor complexes with NMDA and GABA receptors upon internalization (figure 3) [23] . The most interesting protriplet is YSG, which is also the protriplet of human integrins.
Through the allosteric receptor-receptor interactions in such pathological chemokine and cytokine receptor-containing heteroreceptor complexes, the neuronal NMDA, GABAA and GABAB1 and B2 protomers may develop dysfunctional activities with, for example, reduced NMDA ion channel signalling and reduced nerve cell activation. This may lead to disturbances in the neuronal networks and brain circuits they control. Such disturbances may contribute to positive, negative and/or cognitive symptoms of schizophrenia in line with the mild encephalitis hypothesis of schizophrenia [52] . As an example, the chemokineR-NMDAR and cytokineR-NMDAR complexes can have synaptic and/or extrasynaptic locations.
In figure 3 , we illustrate the receptor transfer mechanism for how CCR2, CXCR4 and IL1-R2 including their mRNAs, which form these receptors not otherwise expressed in these nerve cells, may produce schizophrenia-like symptoms in neuroinflammation. These receptors may be transferred via ECV-mediated VT from immune cells and activated microglia to glutamate nerve cells containing NMDA receptors. Upon internalization, the CXCR4, CCR2 and IL1-R2 can, according to the triplet puzzle theory, form complexes with NMDA receptors. In this way, NMDA signalling in such heteroreceptor complexes may become reduced, contributing to schizophrenia-like symptoms.
Reorganization of homo-and heteroreceptor
complexes in the postsynaptic membrane as a possible molecular basis for learning and memory
This theory was introduced this year [24] . It is illustrated in figure 4 . The basal state with its postsynaptic receptor complexes leads to a defined bar code. The pattern of release is indicated ( figure 4a ). In learning, a new temporal pattern of release of transmitters is learned through a transient reorganization of sets of homo-and heteroreceptor complexes in postsynaptic and associated extrasynaptic membranes. This receptor reorganization leads to a novel bar code forming a short-term memory of the novel pattern of transmitter release to be learned. The novel pattern of release can be stabilized by the reorganization of the presynaptic hetero-and homoreceptor complexes through changing the formation or disappearance of the receptor complexes via agonist dependent processes (figure 4b). It may be produced by release from the postsynaptic membrane of soluble factors like adenosine and ATP, growth factors and ECVs like exosomes containing proteins (e.g. receptors), and lipids as a The consolidated reorganization of the postjunctional homoand heteroreceptor complexes produces the long-term memory ( figure 4b ). This may be made possible through the transformation of parts of the homo-and heteroreceptor complexes into unique transcription factors. They can then form novel adapter proteins some of which can link the heteroreceptor complexes more strongly together, while others can link the receptor complexes more strongly to the cytoskeleton. In this way, a long-term memory is created. In this process, emotional circuits and their transmitters are involved (figure 4b, upper left). They target their heteroreceptor complexes via VT, which participate in the postsynaptic membrane and adjacent extrasynaptic membrane and are postulated to play a key role in the creation of long-term memory of an exceptionally long duration. Our theory has been discussed by Smythies [125] in relation to two other hypotheses on the molecular structure of long-term memory linked to electrical activity in the cytoskeleton [126, 127] and chemical changes in the cytoskeleton [125] .
Conclusion
The trophic units of nerve cells, glial cells and endothelial cells are the building blocks of the CNS. At the somadendritic level neurons may communicate via VT through both extrasynaptic exocytosis and ECV-mediated transfer of signals. Integration of synaptic and VT in the neuronal networks belonging to assemblies of trophic units is made possible through synaptic up-or downregulation. The molecular mechanism for this integration takes place to a significant degree through heteroreceptor complexes in the plasma membrane (synaptic and extrasynaptic parts) of neurons and probably glia and their signalling cascades. The FGFR1-5-HT1A heteroreceptor complex in the raphehippocampal system, likely to be in an extrasynaptic location, is regarded as a novel target for treatment of depression. Potential formation of pathological NMDAR and GABAR heteroreceptor complexes in neurons through ECV-mediated VT in mild neuroinflammation is considered as one mechanism for schizophrenia development. A theory is advanced that reorganization of sets of homo-and heteroreceptor complexes and their receptor -receptor interactions in the postjunctional membrane (synaptic and extrasynaptic components) can be the molecular basis for learning and long-term memory. They are suggested to store the bar code of patterns of synaptic and VT signals learnt after release from the synaptic terminal over the prejunctional (presynaptic and extrasynaptic) membrane and from adjacent asynaptic terminals of emotional systems. Figure 4. Illustration of a novel theory on the molecular basis of learning and memory based on the reorganization of homo-and heteroreceptor complexes in the postjunctional membrane of synapses (synaptic and extrasynaptic components) leading also to changes in the prejunctional (synaptic and extrasynaptic components) homo-and heteroreceptor complexes to facilitate the pattern of transmitter release to be learned. Learning is regarded to occur through changes in the synaptic efficacies via changes in synaptic strength. A molecular basis for learning and memory may develop through reorganization of the available homo-and heteroreceptor complexes structurally and/or by resetting the multiple allosteric receptor -receptor interactions in these complexes, as well as by the formation of novel heteroreceptor complexes via alterations in the pattern of synaptic and VT signals. Such multiple molecular changes in the heteromers and their receptor -receptor interactions may be the molecular basis for short-term memory, involving multiple changes in the receptor -protein architecture of the heteroreceptor complexes of the postsynaptic membrane as illustrated by the change of bar code. (a) The basal state with its postjunctional receptor complexes leading to a defined bar code. Two types of transmitters are indicated to be released from different pools of synaptic vesicles shown in red and orange. Short-term memory involves transient learning of a new temporal pattern of release of the two transmitters. This pattern is learned by the transient reorganization of the homo/heteroreceptor complexes into inter alia higher order heteroreceptor complexes with novel signalling features. This receptor reorganization leads to a novel bar code which can represent a short-term memory of the new pattern of transmitter release to be learned. (b) The consolidated reorganization of the postjunctional receptor complexes leading to long-term memory is illustrated. The consolidated memory should result in a bar code similar to one found in short-term memory. The mechanism for this process may involve the transformation of parts of the heteroreceptor complexes into unique transcription factors which can lead to the formation of novel adapter proteins some of which can link the heteroreceptor complexes more strongly together. Others can link the heteroreceptor complexes more strongly to the cytoskeleton. In this way, a stable bar code can be obtained. This is illustrated by the arrows from the rough endoplasmic reticulum onto the newly formed adapter proteins, which have become linked to different types of receptor complexes in the postjunctional membrane. GPCR heteroreceptor complexes with ion channels and receptor activitymodifying proteins are illustrated. The impact of VT signals including monoamines from terminals of emotional circuits is also outlined in (b) (dotted arrows). They are postulated to act especially on postjunctional receptor protomers with a significant ability to contribute to transcriptional activation, which leads to production of adapter proteins with a unique efficacy to consolidate long-term memory traces. (Online version in colour.) rstb.royalsocietypublishing.org Phil. Trans. R. Soc. B 370: 20140183 IV. Distribution of monoamine nerve terminals in the central nervous system. Acta Physiol. Scand. Suppl. (Suppl. 247) 
